ABSTRACT: The conserved glycines in the glycine-rich loop (Leu-Gly 50 -Thr-Gly 52 -Ser-Phe-Gly 55 -ArgVal) of the catalytic (C) subunit of cAMP-dependent protein kinase were each mutated to Ser (G50S, G52S, and G55S). The effects of these mutations were assessed here using both steady-state and presteady-state kinetic methods. While G50S and G52S reduced the apparent affinity for ATP by approximately 10-fold, substitution at Gly55 had no effect on nucleotide binding. In contrast to ATP, only mutation at position 50 interfered with ADP binding. These three mutations lowered the rate of phosphoryl transfer by 7-300-fold. The combined data indicate that G50 and G52 are the most critical residues in the loop for catalysis, with replacement at position 52 being the most extreme owing to a larger decrease in the rate of phosphoryl transfer (29 vs 1.6 s -1 in contrast to 500 s -1 for wild-type C). Surprisingly, all three mutations lowered the affinity for Kemptide by approximately 10-fold, although none of the loop glycines makes direct contact with the substrate. The inability to correlate the rate constant for net product release with the dissociation constant for ADP implies that other steps may limit the decomposition of the ternary product complex. The observations that G52S (a) selectively affects ATP binding and (b) significantly lowers the rate of phosphoryl transfer without making direct contact with either the nucleotide or the peptide imply that this residue serves a structural role in the loop, most likely by positioning the backbone amide of Ser53 for contacting the γ-phosphate of ATP. Energyminimized models of the mutant proteins are consistent with the observed kinetic consequences of each mutation. The models predict that only mutation of Gly52 will interfere with the observed hydrogen bonding between the backbone and ATP.
the NPL (Leu 49 -Gly-Thr-Gly-Ser-Phe-Gly-Arg-Val 57 ), located in the small lobe, forms the active site ceiling ( Figure  1 ). This sequence, which is well-ordered only in the C-ATP-IP 20 ternary complex, interacts with several parts of ATP in the following manner: (i) the Leu49 and Val57 side chains form hydrophobic contacts with the nucleotide adenine moiety, (ii) the Gly50 backbone amide forms a hydrogen bond with the ribose, (iii) the Ser53 backbone amide interacts with the axial oxygen of the ATP γ-phosphate, and (iv) the Gly55 backbone amide forms a hydrogen bond with the axial oxygen of the ATP -phosphate (14, 20, 21) . Amino acids from the large lobe that form the floor of the active site are also illustrated in Figure 1 . The Lys168 -amino group forms an electrostatic interaction with the ATP γ-phosphoryl oxygen, and the Asp184 carboxylate coordinates a magnesium ion which, in turn, coordinates with both the -and γ-phosphate oxygens. Asp166 forms a hydrogen bond with the substrate's hydroxyl, the phosphoryl acceptor, and may serve as a weak general base catalyst (22) .
Although purifications and perturbations in steady-state kinetic parameters were described previously for mutants of the glycine-rich loop of the C-subunit, the exact effects of these mutations on individual steps in the reaction mechanism were not reported (23) . The general effects of mutations in the glycine-rich loop of the phosphorylase kinase γ-subunit were also described previously (24) .
In this report, kinetic parameters for three cAPK C-subunit mutants, Gly50 to Ser (G50S), Gly52 to Ser (G52S), and Gly55 to Ser (G55S), were measured on the steady-state and pre-steady-state kinetic time frames. Without the pre-steadystate kinetics, the full impact of the mutations is not fully appreciated. A comparison of the mutant proteins to the wild-type C-subunit defines the contribution of the glycine triad to ternary complex formation, phosphoryl transfer, and net product release in the kinetic reaction pathway. The data are interpreted according to the wild-type kinetic mechanism. This mechanism, shown in Scheme 1, is derived from a combination of rapid quench flow and viscosometric studies (25, 26) .
Although the reaction scheme is random, the initial binding of ATP is preferred followed by the substrate (Kemptide) on the basis of thermodynamic reasons (27, 28) . The substrate is in rapid exchange with the enzyme, while ATP is catalytically committed (i.e., k 3 > k -1 ). The ternary complex supports a rapid phosphoryl transfer step (k 3 ), and the rate-determining step in turnover is the net release of products (k 4 ). For wild-type cAPK, the last step is controlled by ADP dissociation (22) .
EXPERIMENTAL PROCEDURES
Materials. Adenosine triphosphate (ATP), adenosine diphosphate (ADP), cyclic adenosine monophosphate (cAMP), 5′-adenylyl imidodiphosphate (AMPPNP), 3-(N-morpholino)-propanesulfonic acid (Mops), dithiothreitol (DTT), lactate dehydrogenase, pyruvate kinase, reduced nicotinamide adenine dinucleotide (NADH), and phosphoenolpyruvate were purchased from Sigma Chemicals. Isopropyl -D-thiogalactopyranoside (IPTG) was purchased from United States Biochemical. Magnesium chloride, phosphoric acid, -mercaptoethanol, and liquid scintillant were purchased from Fisher Scientific. Phosphocellulose filter disks were purchased from Whatman. Ni 2+ -agarose was purchased from Qiagen, and [γ- 32 P]ATP and [R- 35 S]dATP were purchased from ICN Laboratories. The heptameric peptides, LR-RASLG (Kemptide) and LRRAALG, were synthesized at the Peptide and Oligonucleotide Facility at the University of California, San Diego, and purified by high-performance liquid chromatography after synthesis.
Mutagenesis, Expression, and Purification of C-Subunits. Glycine mutations were introduced into the mouse C-subunit gene by an oligonucleotide-directed method (23) . Transformed bacteria were cultured in YT media containing 200 µg/mL ampicillin, and gene expression was induced with 1 mM IPTG once the culture's optical density was 0.6 AU at 600 nm. At the end of a 5 h induction, cells were harvested by centrifugation at 4000g for 10 min. Wild-type C-subunit was purified as described previously (29) . C-Subunit mutants were complexed with a polyhistidine-tagged regula-FIGURE 1: C-Subunit active site with bound nucleotide. The glycinerich loop clamps the nucleotide into position with Gly50 over the ribose, Gly52 above the γ-phosphate, and Gly55 near the -phosphate. The nucleotide γ-phosphate is also within hydrogen bonding distance of the -amino moiety of Lys168, and magnesium ions coordinated by invariant residues, Asp184 in the magnesiumpositioning loop, and Gln171 in the catalytic loop. The putative catalytic base, Asp166, also in the catalytic loop, is close to the hydroxyl moiety of the P site residue that in a substrate accepts the phosphate. The catalytic loop (residues 166-171) and the P-3 to P1 position of the inhibitor peptide are indicated as ribbons. The P site Ala is indicated by a ball. In a substrate peptide, this would be a Ser or Thr. Hydrogen bonds between the glycine-rich loop and the nucleotide are indicated with dashed lines. tory subunit type II mutant, adsorbed to Ni 2+ -agarose, and eluted from the holoenzyme complex with 1 mM cAMP (30) . Mutants were further resolved on the basis of differing phosphorylation states by chromatography on Mono S FPLC (29) . For these studies, isoforms II and III were used which correspond to the enzyme that is phosphorylated at Ser10, Thr197, and Ser339 (isoform II) and Ser338 and Thr197 (isoform III) (23) . Pooled fractions were concentrated by Amicon PM10 ultrafiltration.
Coupled Enzyme Assay. The enzymic activities of wildtype and mutant C-subunits were determined as described previously using a coupled enzyme spectophotometric assay (28) . The oxidation of NADH, monitored spectrophotometrically as an absorbance decrease at 340 nm, was coupled to the production of ADP by lactate dehydrogenase and pyruvate kinase. C-Subunit (50-300 nM) was typically incubated in a 500 mL volume containing 50 mM Mops (pH 7.0), 5 mM ATP, 15 mM MgCl 2 , 0.5 mM DTT, 1 mM phosphoenolpyruvate, 0.3 mM NADH, 12 units of lactate dehydrogenase, and 4 units of pyruvate kinase at 23°C. Reaction mixtures were prepared in a disposable 1 mL cuvette, and reactions were initiated with varying amounts of Kemptide and monitored in a Hewlett-Packard 8453 spectrophotometer. Kemptide stock concentrations were determined by turnover with wild-type C-subunit under conditions of limiting peptide in the spectrophotometric assay. C-Subunit inhibitors were pre-equilibrated with enzyme in the assay mix for 1 min before addition of Kemptide during inhibition studies.
Radiochemical Assay. The enzyme (5-30 nM) was preequilibrated in assay mix containing 5 mM ATP, 15 mM MgCl 2 , 0.5 mM DTT, 50 mM Mops (pH 7.0), and 10 mCi [γ-32 P]ATP for 5 min. Dilute stocks of wild-type or G55S C-subunit were prepared directly before each experiment with 0.5 mg/mL BSA. Kemptide was added to initiate a 10-30 min reaction in which the rate of phospho-Kemptide formation was linear with respect to time. The reaction (50 µL volume) was quenched with 20 mL of 50% acetic acid. Phospho-Kemptide was separated from unreacted ATP by a filter binding assay (31) . A portion of each quenched reaction mixture (55 µL) was spotted onto a phosphocellulose filter disk and washed four times with 0.5% phosphoric acid. The filter disks were rinsed with acetone, dried, and counted on the 32 P channel in liquid scintillant. Control experiments quantitating the fraction of phospho-Kemptide retained on washed phosphocellulose disks were carried out as documented previously (25) . Time-dependent formation of phospho-Kemptide was calculated by considering the total counts per minute (cpm) on each disk, the specific activity of the [γ-
32 P]ATP label, the background phosphorylation, and the phospho)Kemptide retention on washed filter disks.
Measurement of Steady-State Kinetic and Inhibition Parameters. Steady-state kinetic rates for G50S and G55S were measured using the spectrophotometric assay, and those for G52S were measured using the radiochemical assay. For k cat determinations, C-subunit concentrations were measured both by their spectrophotometric absorbance at 280 nm (A 0.1% ) 1.2) and by stoichiometric titration with known concentrations of a regulatory subunit type I mutant that is deficient in its ability to bind cAMP (32) . Both methods yielded measurements that agreed within a factor of 2. k cat was determined at saturating concentrations of ATP and Kemptide (5 mM each), and K m values were determined at a saturating concentration of the fixed substrate.
Inhibition constants for three C-subunit inhibitors were measured to compare the ligand affinities between wild-type and mutant enzymes. AMPPNP, a nonhydrolyzable ATP analogue, and ADP are competitive inhibitors of wild-type C-subunit with respect to ATP and noncompetitive inhibitors with respect to Kemptide (27) . The peptide LRRAALG is a competitive inhibitor of wild-type enzyme with respect to Kemptide and a noncompetitive inhibitor with respect to ATP (33) . Apparent K I values for AMPPNP, ADP, and LR-RAALG were determined using Dixon plots and adjusted to their true values (34) using the concentration of the competing substrate.
Solution Viscosity Measurements. The relative viscosity (η rel ) of buffers containing sucrose was measured relative to 50 mM Mops at pH 7.0 and 23°C using an Ostwald viscometer (35) . Relative solvent viscosities of 1.0, 1.4, 1.7, 2.1, and 2.5 were obtained for buffers containing 0, 10, 18, 23, and 28% (w/v) sucrose, respectively. The measurements were made in triplicate and did not deviate by more than 2%.
Rapid Quench Flow Measurements. Pre-steady-state kinetic measurements were made using a KinTek Corp. Quench Flow Apparatus (model RGF-3). The apparatus contains three syringes driven by a stepping motor. Rapid quench flow experiments were executed by loading 1 mM enzyme, 50 mM Mops (pH 7.0), 11 mM magnesium chloride, and 1 mM ATP into one sample loop and 0.7-1.0 mM Kemptide into the other. Each reactant was pushed from a sample line into a reaction line by buffer driven from two of the syringes. Different combinations of reaction lines and stepping motor speeds were used to determine the reaction time (2-100 ms). The third syringe delivered 30% acetic acid that quenched the aged reaction as it exited the reaction line, and the mixture from this quenched reaction was collected in a 1.5 mL plastic vial. The amount of phosphoKemptide was quantitated by the filter binding assay described above.
Data Analysis. Plots of initial velocity versus substrate were fit to the Michaelis-Menten equation (eq 1).
Linear fits of Dixon plots were used to determine the K I values for the competitive inhibitor of Kemptide, LR-RAALG. Data from rapid quench flow time courses were fit to an empirical function containing a single exponential and a linear component where y is the concentration of phospho-Kemptide, R is the observed "burst" amplitude, k b is the observed singleexponential burst rate constant, and L is the observed linear rate. The data were fitted using the Macintosh computer graphics program Kaleidagraph (Synergy Software), which utilizes an iterative least-squares algorithm.
Molecular Modeling. Mutant structural models were generated using Insight and Discover (Biosym, 1995) on a
Silicon Graphics Indigo workstation. First, the wild-type C-subunit-MnATP-IP 20 ternary crystal structure (36) was energy minimized with relaxed amino acid side chains in vacuo. A steepest-decent, 5000-iteration minimization was employed using an AMBER (37) force field. Second, each NPL Gly was theoretically mutated to Ser. Third, each of the three mutated systems was energy minimized for 1000 iterations with (i) relaxed side chains, a fixed backbone, and a fixed MgATP level or (ii) relaxed side chains, a relaxed NPL backbone, and a fixed MgATP level. Crystallographic temperature factors (B-factors) were compared for C-subunit crystal structures solved for complexes with ATP (36) and without (38) ATP to determine the overall flexibility of the C-subunit. Temperature factors for amino acid backbones were calculated as an average of B-factors for four atoms, C R , C , C, and N.
RESULTS

Steady-State Kinetic Analysis.
Although the three glycines in the glycine-rich loop of the C-subunit were mutated previously to both Ala and Ser (23) , only the Ser mutants were characterized in this study owing to partial solubility problems with some of the alanine mutants. With a comparison of the same substitution at each site, the results can be evaluated equivalently. The steady-state kinetic measurements for wild-type and mutant C-subunits, summarized in Table 1 , are similar to those reported previously (23) . Although mutations at Gly50 and Gly55 have small effects on k cat (approximately 2-fold), substitution at Gly52 lowers turnover by more than 1 order of magnitude (12-fold). By comparison, G55S and G50S raise K m (ATP) by 2-and 8-fold, respectively. All mutations affect K m -(Kemptide) but to varying extents (17-100-fold). The K I values for AMPPNP and ADP were determined using Dixon plot analysis for wild-type and mutant C-subunits. While mutation at Gly52 has no effect on ADP affinity, G50S and G55S have K I values that are raised 6-and 2-fold, respectively, relative to the wild-type value. Finally, the mutations affect equally the K I values for the competitive inhibitor, LRRAALG, by approximately 10-fold.
Viscosometric Studies. Viscosometric experiments were performed to resolve individual steps in the enzyme reaction, in particular the rates of phosphoryl transfer and net product release. The data were interpreted according to a simple kinetic mechanism as shown in Scheme 1, where the phosphoryl transfer and net product release steps are designated by the rate constants k 3 and k 4 and the association and dissociation rate constants for the substrate are k 2 and k -2 at high ATP concentrations, respectively. Previous viscosometric studies with the wild-type C-subunit parametrized a phosphoryl transfer step, k 3 , and a net product release step, k 4 , from a linear plot of relative k cat versus relative viscosity of the medium (26) . The glycine mutants were analyzed in a similar fashion (Figure 2) , where the relative k cat is a ratio of this parameter measured in the absence and presence of various concentrations of the viscosogen, sucrose. Control experiments were performed to ensure that viscosogen concentrations used in this study perturbed k cat only by altering the solvent viscosity and not the structure of the mutant C-subunits. Initial velocities for the mutants remained constant within 7% experimental error even after preincubation in 28% sucrose for 30 min at 23°C . The slopes for each mutant C-subunit in Figure 2 are reported in Table 2 and accompanied by values of the individual rate constants, k 3 and k 4 , derived from each slope according to the following equation:
where (k cat ) η is the slope of each linear plot in Figure 2 . The wild-type values for k 3 and k 4 were measured previously (25) . Since k cat is maximally affected by viscosity [i.e., (k cat ) η ≈ 1] for the wild-type enzyme, only a lower limit on k 3 can be Relative viscosities were determined as described in Experimental Procedures. Slopes from linear regressions of the data are reported in Table 2 .
determined (k 3 g 200 s -1 ). This is also true for G55S, where a lower limit is placed on k 3 . In contrast, the partial viscosity effect on G50S and G52S permits exact measurements of k 3 and k 4 . While only a lower limit can be placed on k 3 for G55S, we can estimate this value from the K m and K d for Kemptide assuming that the K I for LRRAALG is a good measure of the substrate affinity. If the substrate is in rapid exchange with the enzyme, k 3 can be evaluated from K m and
]. This analysis predicts that the rate of phosphoryl transfer in G55S is 75 s
, a value consistent with the lower limit in Table 2 .
Pre-Steady-State Kinetic Analyses. G50S and G55S were also analyzed in pre-steady-state rapid quench flow experiments, which directly measure phosphoryl transfer rates. In this experiment, C-subunit (1 µM), ATP (1 mM), and MgCl 2 (11 mM) in 50 mM Mops (pH 7.0) were mixed with Kemptide in concentrations equal to approximately 1 / 2 K I (LRRAALG) (i.e., 1 mM for G50S and 0.7 mM for G55S). Control experiments, in which the reaction was quenched immediately with a 30% acetic acid/Kemptide mixture, determined both background activity (15%) and quenching efficiency (95%). Time-dependent traces of product formation for both mutants along with that of the wild-type enzyme are displayed in Figure 3 . For comparison, the pre-steadystate kinetic trace for wild-type cAPK is shown. The data were fitted to eq 2 for G55S and a linear function for G50S. , is similar to the estimate derived from the viscosity measurements.
Molecular Models and Backbone Flexibility. Structural models were generated for each mutant to assess motion in the NPL as a consequence of the Gly to Ser mutations. Panels a-c of Figure 4 depict structural models energy minimized with rigid (red) and relaxed (blue) backbones. The G50S Ser effects an NPL conformational change (Figure 4a ) so the nucleotide ribose can be accommodated. The G52S Ser swings inward (Figure 4b ) to avoid unfavorable van der Waals repulsion with the nucleotide γ-phosphate, thereby causing backbone torsion (∆φ ) 100°, ∆Ψ ) 20°) and displacement of the NPL backbone (0.8 Å). Errors calculated for the ternary complex crystallographic model do not exceed 0.5 Å on the basis of an R-factor of 0.21 and a resolution of 2.2 Å. The G55S Ser does not effect significant conformational changes (Figure 4c ). Figure 4d compares crystallographic B-factors from structures with and without ATP. While Gly52 and Ser53 are highly flexible in the binary complex that lacks ATP, these amino acids are ordered in the ternary complex when both ATP and the inhibitor peptide are present (14) .
DISCUSSION
The glycine-rich loop in protein kinases is a characteristic feature of the enzyme active site, and interactions between amino acids in this loop and bound nucleotide appear to be crucial for protein kinase function on the basis of the available C-subunit crystal structures (14, 20, 21) . Although perturbations in steady-state kinetic parameters were measured previously for mutations of the C-subunit of cAPK (23) that were specifically perturbed at the three glycines in the glycine-rich loop, effects on substrate binding, phosphoryl transfer, and net product release were not determined. Each Gly in the glycine-rich loop of the cAPK C-subunit was mutated to Ser. The mutant proteins were purified to homogeneity and then subjected to steady-state and pre-steadystate kinetic analyses so that the real contribution of each amino acid in the loop on individual enzymatic steps could be assessed. The mutant kinetic parameters are compared to the complete kinetic mechanism established for the wildtype C-subunit. This mechanism, summarized in Scheme 1, was derived from the application of rapid quench flow and viscosometric studies on the phosphorylation of Kemptide (25). a The microscopic rate constant for phosphoryl transfer, k3, was determined previously in quench flow pre-steady-state studies (25) . b k3 is indirectly calculated for G55S from eq 4 since only a limit of g70 s -1 is extrapolated from (kcat) η . Experimentally determined values for Km(Kemptide), Ki(LRRAALG) , and k4 are used in the calculation of k3.
FIGURE 3: Pre-steady-state quench flow kinetic analysis of wildtype, G50S (b), and G55S (O) C-subunits. The experimental conditions for mutant C-subunits were 1 µM enzyme, 1 mM ATP, 11 mM magnesium chloride, 0.5 mM DTT, 50 mM Mops (pH 7.0), and 0.7-1.0 mM Kemptide. Wild-type C-subunit data are adapted from previous studies (25) .
Effects of Mutation on Ligand Affinity. Mutations at all glycine positions in the glycine-rich loops of cAPK result in decreases in the apparent affinity of ATP and Kemptide (Table 1) . While the results of these apparent effects have a profound and direct influence on the catalytic efficiency of the mutant enzymes relative to that of the wild type (23), comparisons of the steady-state kinetic parameters are not good indicators of the true effects on ligand affinity. The fast rate of phosphoryl transfer makes it difficult to obtain K d measurements for ATP or Kemptide directly. For the wild-type enzyme, the K m (ATP) is the ratio of the net product release step (k 4 ) and the association rate constant (k 1 ) (26). The K m is only coincidentally similar to the measured K d for ATP. However, since all mutations in this study have raised K m (ATP) values and reduced values for k 3 and k 4 (Table 2), we presume that this apparent affinity parameter now reflects the true affinity so that K m and K d can be used interchangeably for ATP. The K m for Kemptide is lower than the true K d by the factor k 4 /(k 3 + k 4 ) when the substrate is in rapid exchange with the enzyme (25) . Since k 3 is still comparable or even larger than k 4 for all mutations, K m -(Kemptide) does not reflect the true affinity and must be analyzed carefully.
To obtain the effects of each mutation on ligand affinity without the complication of kinetic perturbations, we measured the dissociation constant for several competitive inhibitors of cAPK (Table 1) . For nucleotide binding effects, the K I values of two competitive inhibitors, ADP and AMPPNP, were measured (Table 1) for the wild-type and mutant proteins. All three mutations have a modest or no effect on the affinity of AMPPNP with K I values raised between 1-and 5-fold relative to that of the wild type. These effects are consistent with the elevations in K m for ATP with the exception of G52S, where the comparative changes in the K m for ATP and the K I for AMPPNP differ by 6-fold. We will discuss the potential significance of this variance later. Only G50S affects the affinity of ADP (5-fold). Moreover, the data indicate that mutations in the conserved glycines in the NPL have small effects on nucleotide affinity. G52S and G55S bind AMPPNP and ADP with affinities similar to those for wild-type C-subunit, while G50S has an about 5-fold effect on both ligands. Using the comparisons of these inhibition constants, we conclude that Gly50 is the only glycine in the NPL that is important for nucleotide affinity.
The true affinity of Kemptide was measured using the competitive inhibitor ala-Kemptide. Previous studies have shown that the K I for this peptide is a true measure of Kemptide affinity in the active site of the wild-type enzyme (25) and is, therefore, likely to reflcet directly the affinity of the substrate for the mutant enzymes. Mutation at each glycine in the NPL equally affected the affinity of alaKemptide by 7-13-fold relative to that of the wild type (Table 1 ). This effect is surprising since the NPL glycines do not contact directly the substrate, implying that the mutations affect other residues that make contact with the substrate. These long-range effects imply that the glycinerich loop, although not directly contacting Kemptide, positions the substrate in the active site.
Effects of Mutation on Phosphoryl Transfer. Viscosometric and pre-steady-state kinetic methods were used to determine the effects of glycine replacement on phosphoryl transfer. Viscosometric analyses of wild-type cAPK indicate that phosphoryl transfer is, at least, 10-fold faster than maximum turnover (26) . The application of rapid quench flow analyses placed the rate constant for phosphoryl transfer at 500 s , approximately 25-fold higher than the net release rate for products (25) . Partial viscosity effects on k cat were measured for G50S and G52S, allowing estimates of k 3 to be made (Table 2 ). Since a full viscosity effect was measured for G55S, a direct measurement of the phosphoryl transfer rate constant was not possible, although a consideration of the dissociation constant for the substrate (i.e., K I for LRRAALG) was used to estimate k 3 ( Table 2) . Rapid quench flow analyses of G55S and G50S were also used to evaluate k 3 . The corrected burst rate constant for G55S is 70 s -1 , a value consistent with the estimates from viscosity measurements. No burst phase was observed for G50S since the dissociation constant for the substrate is high (K I ) 2.3 mM) and the rate of phosphoryl transfer is similar to the net rate for product release ( Table 2 ). The linear rate for G50S is close to the steady-state rate under conditions of nonsaturating Kemptide. The results indicate that all three mutations have effects on the rate of phosphoryl transfer that generally were equivalent to or larger than the effects on nucleotide affinity. The most pronounced effect was observed for replacement of Gly52, where the rate of phosphoryl transfer was lowered 300-fold relative to that of the wild type (Table 2) . Surprisingly, Gly52 plays the most significant role in controlling catalysis, although it does not directly contact the phosphates of ATP.
Although Gly52 does not make direct contact with the nucleotide, it may position the neighboring Ser side chain (Ser53) which makes a direct contact with the γ-phosphate of ATP. The structural model in Figure 4b suggests that this hydrogen bond can no longer form in G52S as the distance between the Ser53 amide nitrogen and the ATP oxygen increases from 3.0 to 3.8 Å. This hydrogen bond may stabilize the transition state by positioning the γ-phosphate for nucleophilic addition of the hydroxyl acceptor and delocalizing electron density that may develop in the transition state.
Effects of Mutation on Net Product Release. The viscosity measurements provide an estimate for the net rate of product release which may be limited by the release of ADP or phosphopeptide, one or more conformational changes, or a combination of all these events. While G50S has no measurable influence on these events, G52S and G55S reduce net product release by 8-and 3-fold, respectively. Recently, a catalytic trapping experiment was implemented that directly measured the dissociation rate constant for ADP using rapid quench flow analyses (22) . These studies showed that the rate Kemptide turnover is close to the dissociation rate constant for ADP. For wild-type cAPK, this means that the measure of k cat is a direct measure of the dissociation rate constant for ADP. If there is no change in the ratedetermining step for net product release upon mutation, both G52S and G55S must improve the affinity of ADP. However, no reductions in ADP affinity were found. In fact, the K I for ADP is raised 6-and 2-fold for G50S and G55S, respectively, although k 4 is reduced 1.5-and 3-fold, respectively (Table 1) . While it is possible that these discrepancies may be explained by altered association rate constants for ADP and the mutants, we propose that these inconsistencies arise from changes in the rate-determining step for turnover owing to the participation of conformational changes. While it is difficult to define the nature of these conformational changes, the molecular model presented in Figure 4b hints at a possible structural change in the glycine-rich loop that could explain the lower k 4 for G52S. The introduction of a Ser side chain as well as the torsion in backbone dihedral angles (Figure 4b ) may decrease the flexibility of the loop in G52S. ADP release may require the flexibility inherent to the NPL, and increased NPL rigidity in G52S could cause a decreased product release rate constant.
ConserVation of NPL Glycines. A free energy diagram assembled for the wild type, G50S, G52S, and G55S ( Figure  5 ) summarizes the perturbations in kinetic parameters caused by these mutations. Transition-state energies were calculated by applying the Eyring equation to rate constants parametrized in this and other studies (26) . Relative perturbations in ground-state free energies were calculated from equilibrium constants for steps along the reaction pathway. Assumptions included in the free energy diagrams are as follows: (i) mutations do not perturb free enzyme groundstate free energies, (ii) mutations do not perturb association microscopic rate constants (39) , and (iii) the internal equilibrium constant, determining the relationship between substrate and product ternary complex ground-state free energies, is not perturbed for the mutant enzymes. FIGURE 5: Reaction pathway free energy diagrams for wild-type and mutant C-subunits. Transition-state energies were calculated by applying the Eyring equation to rate constants parametrized in this and other studies (26) . The free enzyme ground state was arbitrarily set to zero for each C-subunit, and subsequent groundstate free energies were calculated from equilibrium constants for steps along the reaction pathway. The internal equilibrium constant, determining the relation between ground-state energies for the substrate and product complexes, is assumed not to change upon mutation.
Glycines are stringently conserved in NPLs because their lack of a side chain minimizes van der Waals repulsion between the NPL and nucleotide while maximizing backbone flexibility. Glycine-enhanced flexibility may facilitate enzyme-ligand interactions in such dynamic processes as induced-fit substrate binding and conformational-linked product release. In the midst of these dynamic processes, glycine's lack of steric volume permits interactions, such as hydrogen bonds formed between the NPL backbone and nucleotide, that stabilize the transition state. The minimal steric repulsion inherent to glycine allows the protein kinase NPL to (i) position the nucleotide ribose (Figure 4a ) and γ-phosphate (Figure 4b ) preceding catalysis, (ii) form a transition-state stabilizing hydrogen bond between its backbone and a γ-phosphate oxygen during catalysis (Figure 1) , and (iii) maximize flexibility (Figure 4d ) during a conformational switch that may be partially responsible for ratelimiting nucleotide diphosphate release after catalysis.
